are often coprevalent with crowded households. An association between low ventilation -the exchange of indoor air with outdoor air -and the risk of TB infection has been shown in health care settings, 16 but its role in TB transmission in homes has not been established.
Between November 2011 and November 2012, an Inuit village in Nunavik, Quebec experienced a surge in the occurrence of active TB. 17 Culture-confirmed TB was diagnosed in 5.4% of the village's 933 inhabitants and clinically probable TB disease in another 2.0%. As part of an intensified medical and public health response, 695 villagers were evaluated for TB infection or disease during this period. Our study was motivated by 2 observations: the elevated rate of newly diagnosed TB infection among villagers evaluated as contacts during this period (27.0%) and the high rate of active disease in this group (28.2%). Although similar rates of TB disease have been reported in outbreaks of multidrug-resistant strains 18 and among people with HIV, 19 neither of these were contributing factors in this village.
By November 2012, TB notifications had returned to baseline; hence, we planned an intensive investigation of the association between demographic, economic, housing, dietary and lifestyle factors and the acquisition of infection or development of disease that had occurred during the period of elevated incidence. In parallel, whole-genome sequencing of all isolates from culture-positive cases showed that the surge in incidence was not related to the introduction of a new strain or the emergence of a more transmissable or virulent organism. 17 Sequencing also showed that the surge had resulted from the contemporaneous occurrence of at least 6 independent reactivation events with multiple chains of transmission rather than a single point-source outbreak. 17 A detailed evaluation of dietary and lifestyle factors identified inadequate intake of fruits, vegetables and carbohydrates as nutritional factors associated with infection. 20 These variables were not associated with disease. This paper focuses on the relation between TB outcomes and housing characteristics. Our 2 main objectives were to determine whether characteristics of one's dwelling were associated with 1) acquisition of newly diagnosed TB infection and 2) progression to confirmed or probable disease among those with TB infection.
Methods
Between November 2011 and November 2012, 695 of the village's 933 inhabitants were identified as a household or social contact of at least 1 person with active TB or had received a diagnosis of active TB. 17, 20 The evaluation of these 695 people has been previously reported in detail. 17, 20 It included tuberculin skin testing (TST) performed and interpreted per the Canadian Tuberculosis Standards, 21 in those who did not have a documented prior positive TST result. All those in whom TB disease was suspected on the basis of radiographic or clinical findings submitted 3 spontaneous or induced sputum samples, which were sent for acid-fast microscopic examination, liquid culture and nucleic acid amplification testing. As the village has little in-migration, 1 clinic and a single public health authority, villagers' medical records provided complete information on lifelong past investigations for TB infection or disease.
By November 2012, of the 695 people investigated, 92 (13.2%) had been treated for active TB. Of the 695, 50 (7.2%) had culture-confirmed disease, and 19 (2.7%) had clinically probable disease (defined below); 23 people (3.3%) treated during the outbreak were later considered to not have had active TB. There were no cases of confirmed or clinically probable TB among villagers with a negative TST result. Of the 695 people investigated, 247 (35.5%) had been documented as having a positive TST result before November 2011, and 188 (27.0%) were documented to have a new positive TST result or TST conversion between November 2011 and November 2012 (Figure 1 ). The prevalence of infection was 89.3% (208/233) among those aged 30 years or more, 67.8% (152/224) among those 15-29 years old and 31.6% (75/237) among those under 15 years. Across all age groups, the rate of disease was highest among newly infected contacts ( Figure 2 ). All TST and treatment for TB disease or latent infection were performed according to Canadian standards. 21 By November 2012, among contacts who were not treated for active TB, treatment for latent infection had been started in 89.6% (121/135) of those with a new positive TST result or TST conversion.
Study definitions
Based on detailed clinical information collected between November 2011 and November 2012, we grouped all investigated contacts into one of 3 categories: those with newly diagnosed TB infection, defined as a new positive TST result or TST conversion; those with a prior positive TST result, defined as a positive TST result documented before November 2011; and those who were uninfected, defined as at least 1 negative TST result between November 2011 and November 2012, with no prior positive TST result and no TB disease. We categorized villagers treated for active TB as having confirmed TB disease if they had at least 1 positive culture for Mycobacterium tuberculosis, or probable TB disease if there were typical clinical and radiological features, including response to therapy, but without culture confirmation. This designation was made by 2 experienced chest physicians, who independently reviewed all clinical and radiological information.
Design
We conducted a case-control study nested within the 695 people who were identified and investigated between November 2011 and November 2012. The study was carried out between February and July 2013. For our first objective, we compared participants with newly diagnosed TB infection (regardless of their disease status) to a control group of contacts who were uninfected. For the second objective, we compared participants with confirmed or probable disease to a control group consisting of those with infection but no disease.
People were eligible for inclusion if, between November 2011 and November 2012, they had resided in the village and had received a diagnosis of confirmed or probable TB disease, or they had been investigated as contacts of a villager with confirmed or probable disease (at least 1 TST performed during this period or documented prior positive TST result).
For the first objective, we aimed to recruit people with newly diagnosed infection to serve as cases and an equal number of uninfected people to serve as control subjects. For the second objective, we planned to recruit as many people with confirmed or probable active TB as possible, and aimed to recruit twice as many people without disease but with TB infection to serve as control subjects. 
Sources of data
The online supplement (Appendix 1, available at www. cmajopen.ca/content/4/3/E496/suppl/DC1) provides details about questionnaires, definitions of socioeconomic variables and housing characteristics, the methods for measuring and extrapolating ventilation levels and our approach to multivariate analyses. Trained study staff administered questionnaires assessing housing, nutrition, socioeconomic and lifestyle factors. 20 Parents or guardians provided responses for children aged up to 12 years. Informed consent was obtained from each participant or the parent/guardian before the questionnaires were administered. For the housing assessment, consent was obtained from the individual identified as the head of the household.
We used information collected during investigation of the contacts and from the study questionnaires to determine whether participants may have been exposed to TB in their own home (if they had shared a dwelling with someone who had smear-positive TB during the outbreak) or in other dwellings that they visited at least weekly. Community members had raised concerns that people were at greater risk for contracting TB if they had visited a subset of dwellings that had been used for social activities. To address these concerns, we specifically evaluated whether visiting these dwellings at least once weekly was associated with each study outcome. The dwelling of each participant was visited by study personnel to administer questionnaires and perform a standardized walk-through assessment (for enumerating rooms and assessing need for major repairs). The kitchen, living/dining area and bedrooms were counted as rooms. 22 We measured ventilation in air changes per hour in the rooms where participants slept and in the common living area (living, dining and kitchen area, which were contiguous in all dwellings) using carbon dioxide as a tracer gas. 23, 24 In dwellings with forced-air heating systems, which blow heated outdoor air into rooms, measurements were taken with the heating both on and off. Because the design and construction of many dwellings were identical (dwellings in this community are grouped into 5 main construction types that share the same design and layout), ventilation was not directly measured in all dwellings of the same type. Rather, these were assigned the weighted average air changes per hour measured in dwellings of the same construction model and layout; we estimated these average values using multilevel linear regression (Appendix 1).
To determine the occupancy level (i.e., "crowdedness") that each participant had been exposed to between November 2011 and November 2012, we used a list created for the public health response that enumerated each of the village's dwellings and its occupants during the period of the outbreak. We divided the total number of occupants by the number of rooms in each dwelling to obtain our measure of occupancy, number of people per room. We defined "overcrowding" as more than 1 person per room in the dwelling.
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Statistical analysis
The level of analysis was the individual. We used the method of generalized estimating equations for logistic regression, with clustering at the dwelling level, to identify associations between each outcome of interest and housing characteristics, potential TB exposures in dwellings and factors recognized as important determinants of TB (e.g., smoking tobacco). To analyze ventilation as a risk factor for TB, we used the ventilation level in the common living area of participants' dwellings, given that all household occupants shared these areas and many slept in these areas. We used interaction terms to test the hypothesis that occupancy level would be associated with TB transmission in dwellings where someone with smearpositive TB lived. Because our results supported this hypothesis, we used the same approach to analyze the impact of occupancy on disease. Additional details are found in Appendix 1. The multivariate models in this report do not adjust for measures of nutritional inadequacy; a detailed evaluation of nutritional factors is reported elsewhere. 20 The study was approved by the Nunavik Nutrition and Health Committee, the mayor and municipal council of the village and the Institutional Review Board of McGill University.
Results
Study population
Details about enrolment and comparisons between participants and nonparticipants have been previously reported. 20 Of the 695 eligible villagers, 200 were enrolled in the study (Figure 3 ). Within each TST category, age and sex distributions were similar among participants and nonparticipants (Table S1 , Appendix 1). Similarly, among villagers with confirmed or probable TB, participants and nonparticipants had similar age and sex distributions as well as proportions in each TST category (Table S1 , part B, Appendix 1).
Of the 200 villagers enrolled, 67 (33.5%) were uninfected, 88 (44.0%) had newly diagnosed TB infection, and 45 (22.5%) had a prior positive TST result (Figure 3) . Among the 133 participants with TB infection, 44/200 (22.0%) had confirmed (33) or probable (11) TB disease, and 89/200 (44.5%) had TB infection with no disease. The mean age of the participants was 21.5 (standard deviation 14.1) years, 107 (53.5%) were female, 118 (59.0%) were current smokers, and 118 (59.0%) had an annual personal income less than $20 000 (for participants under 18 years of age, this was the income of their parent or guardian).
Housing characteristics
The characteristics of 78 of the 79 dwellings where the 200 participants resided between November 2011 and November 2012 are shown in Table 1 . We could not determine the characteristics for 1 dwelling because the participant had 
Determinants of newly diagnosed TB infection
In univariate analyses, participants with newly diagnosed TB infection were significantly more likely than uninfected participants to have visited at least once weekly a dwelling that was used for social activities ( Table 2 ). Newly infected participants were also more likely than uninfected participants to have lived in a dwelling with someone who had smear-positive TB.
The method of heating, level of ventilation and volume of the living area were not associated with infection and did not meet the criteria for inclusion in multivariate analyses (Table  3) . Age greater than 14 years and visiting at least once weekly dwellings used for social activities were associated with newly diagnosed infection. The effect of occupancy on infection was dependent on living with someone with smear-positive TB:
among participants who had lived with someone with smearpositive TB, the odds of newly diagnosed infection increased as the number of people per room increased (Table 3) ; this association was not seen among those who had not lived with someone with smear-positive TB. This interaction also meant that the association between living with someone with smearpositive TB and infection was stronger in dwellings with more people per room (the odds ratio for this association corresponds to living in a dwelling with 1.2 people per room, the median value for this variable).
Determinants of TB disease among participants with TB infection
In univariate analyses among participants with TB infection, active TB was not associated with visiting dwellings used for social activities or with having lived with someone with TB disease (Table 4) . The heating method and ventilation level were not associated with TB disease (Table 5 ). Living area size was associated with disease in univariate but not multivariate analysis. We again observed an interaction between occupancy and living with someone with smear-positive TB: the odds of disease increased with increasing number of people per room only among participants who had lived with someone with smearpositive TB. This analysis also showed that, after adjustment for potential confounders, the risk of disease was significantly higher among participants with new compared with previous TB infection.
Interpretation
During a 12-month period when the incidence of TB dramatically increased in this village, the number of people per room was the only housing characteristic associated with newly diagnosed TB infection, and it was associated only among participants who had lived with someone with smear-positive disease. Similarly, the number of people per room was the only housing characteristic associated with progression to TB disease among infected participants, and this association was also dependent on living with someone with smear-positive TB. Other factors associated with newly diagnosed TB infection were age over 14 years old, visiting a dwelling that was used for social activities and having lived with someone with smear-positive TB. Prior TB infection was the only other factor associated with disease (against which it was protective).
Our results suggest that crowding in houses negatively affects efforts to eliminate TB from Canada's northern communities. Our findings also suggest that crowding affects TB risk among those living in a household where someone has smear-positive TB. Interestingly, crowding was associated both with risk of infection and risk of progression from infection to disease. The latter association may have arisen if people living in crowded conditions were more likely to experience repeated infection. However, as most participants with active TB did not live in such households, crowding alone does not explain the elevated risk of disease in this village.
Little is known about the role of home ventilation in transmission of M. tuberculosis. Although the level of ventilation in health care settings has been shown to affect the risk of TB infection among health care workers, in our study, air exchange rates in participants' dwellings were not associated with infection. We speculate that exposure to M. tuberculosiscontaining droplet particles was so intense during interactions in people's homes that air exchange rates within the range of values measured in our study were insufficient to produce an observable reduction in the probability of transmission. It is plausible that exposure intensity is greater in people's homes compared with other settings, owing to greater duration or closer physical proximity of interactions. This may apply to other airborne infections of the respiratory tract: a study of Inuit infants on Baffin Island also did not find an association between ventilation and lower respiratory tract infections. 25 Given the lack of association in our study and the absence of other published data on the effects of residential ventilation on TB transmission, increasing air exchange rates in houses may not reduce the incidence of TB infection in this village or other Inuit communities. 
Strengths and limitations
Strengths of our study include the availability of detailed medical records (usually lifelong records) for all participants, which allowed accurate categorization of people as having new or prior TB infection as well as probable or confirmed disease. This permitted a unique study of risk factors for acquisition of infection and for progression to disease among those infected within the same population. In addition, we conducted a thorough evaluation of housing, which included a standardized walk-through assessment, enumeration of occupancy and direct measurement of outdoor air exchange rates (ventilation) with the use of a validated protocol based on tracer gas techniques. 23 To account for seasonal fluctuations in air exchange rates, we manipulated the heating system to simulate different conditions, although we were unable to account for all factors (e.g., outdoor temperature, indoor activities) that may influence ventilation.
This study had a number of limitations, including the timing of the study, which was begun a few months after public health authorities considered TB incidence to have returned to baseline. This delay was unavoidable, given the need to allow the health services to complete all necessary evaluations and start treatment for active and latent TB plus the complexities of arranging a scientific investigation in a remote community. However, bias due to this delay is unlikely as all participants but 1, even those who had moved, were assigned the characteristics of their original residence; furthermore, it is unlikely that the characteristics of the dwellings changed substantially before the study was carried out. A second limitation is the possibility of measurement error for air exchange rates, which could have arisen form our use of carbon dioxide as a tracer gas. However, we adjusted our analyses to account for carbon dioxide production by people present during the measurement (details in Appendix 1). Furthermore, the air exchange rates we reported with heating off were in keeping with those reported by other investigators who used perfluorocarbon methods. 25 A third limitation is the possibility of selection bias: the distribution of risk factors among contacts who declined to participate may have differed from that among the participants. However, housing characteristics are unlikely to have been associated with selection probability, and hence those associations would have been less affected by selection bias. A fourth limitation is the potential for a falsepositive TST result due to prior bacille Calmette-Guérin vaccination. The risk of this occurrence is less than 1% when vaccination occurs in infancy and TST is performed more than 10 years later. 26 False-positive TST results are unlikely to have occurred in our study, as bacille Calmette-Guérin is administered in infancy in this village, and there were only 18 TST-positive participants under the age of 10, of whom 10 had active TB and 3 lived with a smear-positive person, leaving only 5 in whom a false-positive TST result due to bacille Calmette-Guérin was plausible. Last, we may have been underpowered to find associations between ventilation and our outcomes owing to the limited sample size and homogeneity in the distribution of exposure to air change levels. The small sample also meant that we were unable to control for all potential confounders, and hence it is possible that our lack of observed associations may have been partially attributable to residual confounding.
Conclusion
This is the third report from a series of investigations performed to investigate why an Inuit village experienced a surge in the occurrence of active TB between November 2011 and November 2012. Despite a rigorous evaluation that included whole-genome sequencing of all culture-positive isolates and study of the role of nutritional, lifestyle and housing characteristics, we have been unable to identify the factors that clearly explain the elevated disease rate. Our findings suggest that improved nutrition and less crowding in households may contribute to reducing the risk of TB infection. However, given that the impact of nutritional, lifestyle or housing interventions on the risk of active TB remains uncertain, similar events could happen in other villages where TB infection is highly prevalent. Hence treatment of latent TB infection should be even further emphasized to achieve a long-term reduction in TB incidence in this village and in other communities where TB infection is highly prevalent.
